Ribosome recycling factor (RRF), elongation factor-G (EF-G), and ribosomes from Thermus thermophilus (tt-) and Escherichia coli (ec-) were used to study the disassembly mechanism of post-termination ribosomal complexes by these factors. With tt-RRF, ec-EF-G can release bound-tRNA from ec-model post-termination complexes. However, tt-RRF is not released by ec-EF-G from ec-ribosomes. This complex with tt-RRF and ec-ribosomes after the tRNA release by ec-EF-G is regarded as an intermediate of the disassembly reaction. Not only tt-RRF, but also mRNA, cannot be released from ec-ribosomes by tt-RRF and ec-EF-G. These data suggest that the release of RRF from ribosomes is coupled or closely related to the release of mRNA during disassembly of post-termination complexes. With tt-ribosomes, ec-EF-G cannot release ribosome-bound ec-RRF even though they are from the same species, showing that proper interaction of ec-RRF and ec-EF-G does not occur on tt-ribosomes. On the other hand, in contrast to a published report, tt-EF-G functions with ec-RRF to disassemble ec-post-termination complexes. In support of this finding, tt-EF-G translocates peptidyl tRNA on ec-ribosomes and catalyzes ec-ribosome-dependent GTPase, showing that tt-EF-G has in vitro translocation activity with ec-ribosomes. Since tt-EF-G with ec-RRF can release tRNA from ec-post-termination complexes, the data are consistent with the hypothesis that the release of tRNA by RRF and EF-G from post-termination complexes is a result of a translocation-like activity of EF-G on RRF.
INTRODUCTION
Ribosome recycling factor (RRF) with elongation factor-G (EF-G) disassembles the post-termination ribosomal complexes into ribosomes, mRNA, and deacylated tRNA (Janosi et al. 1996; Kaji et al. 2001) . RRF is essential for prokaryotes (Janosi et al. 1994) and is a heat-shock protein (TeixeiraGomes et al. 2000) . The bacterial cellular RRF concentration is elevated during the infection of animals by that bacteria (Lowe et al. 1998) , and the amount of antibacterial RRF antibodies is high in some infected animals (Vizcaino et al. 1996; Cassataro et al. 2002) , suggesting that RRF may play an important role in bacterial pathogenesis. RRF is an essential protein in prokaryotes (Janosi et al. 1994 ) and eukaryotes also (Rolland et al. 1999; Teyssier et al. 2003) . The biological importance of RRF was further supported by isolation of a number of RRF mutants (Janosi et al. 1998 Fujiwara et al. 1999 Fujiwara et al. , 2001 ) that have lethal effects. In the absence of RRF, ribosomes are not released from mRNA and start unscheduled translation downstream of the termination codon (Janosi et al. 1998 ). These ribosomes translating downstream of the termination codon eventually reach the end of mRNA and are transferred to tmRNA . Ribosomes isolated from these RRFlacking extracts were inactive for translation of conventional mRNA, but active for translation of leaderless mRNA (Moll et al. 2004) . Since leaderless mRNA does not require subunit dissociation while conventional mRNA does, these results are consistent with the recent observation that RRF is involved in dissociation of ribosomes into subunits (G. Hirokawa, R.M. Nijman, S.V. Raj, H. Kaji, K. Igarashi, and A. Kaji, in prep.) .
For the disassembly reaction, EF-G and RRF have to be present simultaneously (Hirashima and Kaji 1973) . In other words, these factors have to function together. RRF binds to the A/P-site of the ribosome (Hirokawa et al. 2002a; Lancaster et al. 2002; Agrawal et al. 2004 ), but an additional site for RRF ribosomal binding has been reported (Kiel et al. 2003) . Our recent studies with fluorescent-labeled RRF confirmed the existence of the second RRF-binding site on the ribosome (Seo et al. 2004) . It has been proposed that RRF is moved from the A/P-site to this second site by EF-G, resulting in the release of tRNA from the ribosome (Hirokawa et al. 2002b; Kiel et al. 2003) . This is reminiscent of conventional translocation, in which tRNA is released by EF-G (Ishitsuka et al. 1970) . Ribosome-bound RRF is released by EF-G (Kiel et al. 2003) , in much the same way tRNA is released by EF-G (Ishitsuka et al. 1970 ). This observation was confirmed recently (Fujiwara et al. 2004 ). The structure of RRF elucidated by crystallography (Selmer et al. 1999) as well as by NMR (Yoshida et al. 2001 ) is similar to that of tRNA. The structure was confirmed by three other laboratories (Kim et al. 2000; Toyoda et al. 2000; Nakano et al. 2003) . The structural similarity of RRF to tRNA may help RRF bind to the 70S ribosome at the intersubunit space (space between the 30S and 50S subunits) and then move within the intersubunit space similarly to tRNA.
In this paper, we took advantage of the fact that tt-RRF can function in Escherichia coli having defective ec-RRF (Fujiwara et al. 1999) and examined the mechanism of disassembly of the post-termination complexes using factors from Thermus thermophilus and E. coli. We show that tt-RRF remains on ec-ribosomes after releasing tRNA from the model post-termination complexes. We consider that this ribosomal complex with tt-RRF is an intermediate during the disassembly reaction by RRF and EF-G. Our observation suggests that the release of mRNA by EF-G is coupled or closely related to the release of RRF from ribosomes during the disassembly reaction.
RESULTS
Disassembly of ec-model post-termination complexes by various combinations of RRF and EF-G from E. coli and T. thermophilus: Species-specific interaction of these factors is only one way
In Figure 1C we show that T. thermophilus RRF (tt-RRF) was not able to function with E. coli EF-G (ec-EF-G) for disassembly of ec-model post-termination complexes, as measured by the conversion of puromycin-treated ec-polysomes to monosomes (a method used for the routine assay of RRF) (Hirashima and Kaji 1972a) . On the other hand, homologous combination of RRF and EF-G from E. coli and T. thermophilus resulted in complete conversion of ec-polysomes to monosomes, indicating that the release of mRNA took place (Fig. 1, cf . B and A, F and D). These results are expected, based on previous work from other laboratories (Rao and Varshney 2001; Ito et al. 2002) .
However, results contradictory to those of Ito et al. (2002) were obtained when we combined ec-RRF and tt-EF-G. This is the forbidden combination and is not supposed to function, but ec-RRF functioned perfectly well with tt-EF-G (Fig. 1, cf. E and D) . The extent of the reaction was just as good as that with homologous combination of RRF and EF-G from the same species (Fig. 1F) . Figure 2A shows that almost an equally small amount of tt-EF-G functions with ec-RRF in the disassembly reaction. A Lineweaver-Burke plot (Fig. 2B) shows that the K m value for tt-EF-G is 4 nM, equal to that of ec-EF-G (4 nM). We conclude that tt-EF-G functions with ec-RRF. We should point out that this discrepancy does not affect the major conclusion of this paper. In fact, the important conclusion that combination of tt-RRF and ec-EF-G gives an intermediate of the disassembly reaction was based on the original finding of Ito et al. (2002) in which the combination of these two factors does not function for the complete disassembly.
Although we observed that tt-RRF does not function with ec-EF-G for the release of mRNA, even this specificity is dependent on the quantity of RRF as shown in Figure 3 . In this experiment, the reaction mixture contained a constant amount of ec-EF-G, and we added increasing amounts of tt-RRF. An excess of tt-RRF, up to 18.2 µM, functioned partially for disassembly, indicating that tt-RRF may function with ec-EF-G at low efficiency. Since the K d of ec-RRF to ec-model post-termination complexes is 0.03 µM (Kiel et al. 2003) , the efficiency of tt-RRF is about 1/600 of that of ec-RRF. Nevertheless, tt-RRF functioned and the activity of tt-RRF we observed must be due to tt-RRF because the contamination by ec-RRF, if any, was <0.01% as examined by specific antibodies to ec-RRF (data not shown). This is consistent with the observation that very small, minute colonies grow when one examines complementation of ec-RRF amber mutants by tt-RRF (Fujiwara et al. 1999) . Since physiological concentration of RRF in vivo is ∼20 µM (Andersen et al. 1999) , results with 18 µM tt-RRF may even be significant.
The one-way species-specific interaction between EF-G and RRF for the release of RRF is the same for the release of mRNA-isolation of intermediate of ribosome recycling process
In E. coli, ec-RRF is released from ribosomes by ec-EF-G. This is a result of RRF being moved by EF-G from its high-affinity A/P-site to a second lower-affinity site. It was proposed that RRF performs the final act, the release of mRNA and itself from ribosomes, at this second site (Kiel et al. 2003) . Therefore, the release of RRF from ribosomes is a vital part of the disassembly reaction.
In the experiment described in Figure 4A , tt-RRF or ec-RRF was bound to vacant ec-ribosomes, and the resulting complexes were isolated. The complexes were then treated with ec-or tt-EF-G, and the release of RRF was examined. As described recently, the binding site for EF-G after translocation overlaps with the A/P-site-bound RRF (Agrawal et al. 2004) . Therefore, the bound RRF is pushed to the second site and released. As shown in this figure, release of RRF is dependent on the amount of EF-G added. The reason that one does not observe complete release of RRF is that not all well-washed ribosomes bind EF-G, while most of them can bind RRF (Kiel et al. 2003) . Most importantly, it shows that tt-RRF is not released by ec-EF-G (open squares). This is the only combination that does not allow for the release of mRNA measured by conversion of polysomes (model posttermination complex) to monosomes (see Fig. 1C ). It should be noted that the combinations ec-RRF/ec-EF-G (Fig. 1B) , ec-RRF/tt-EF-G (Fig. 1E) , and tt-RRF/tt-EF-G (Fig. 1F) function well for the release of mRNA, as measured by the disassembly of model post-termination complexes. These data are consistent with the notion that the step in which RRF is released may also be the step in which mRNA is released.
Similar one-way specificity was observed for the release of RRF from ec-model post-termination complexes (Fig.  4B ). It should be noted that tt-RRF is not released by ec-EF-G under these conditions (see Fig. 5 ), indicating that tt-RRF can be caught after it released tRNA. We therefore conclude that the results obtained with vacant ribosomes are repeatable with more physiological model post-termination complexes, indicating that the experiments using vacant ribosomes are physiologically relevant.
All studies described thus far were carried out with ecribosomes. As shown in Figure 4C , when one uses tt-ribosomes, the specificity rule is quite different. tt-Ribosomebound ec-RRF cannot be released by ec-EF-G (open symbols). This is a combination that is supposed to function just as the combination of tt-RRF and tt-EF-G worked with ec-ribosomes. It appears that the species-specific interaction of RRF and EF-G must depend on the source of ribosomes and, depending on the source of ribosomes, even the combination of RRF and EF-G from the same species does not function. It is noted that the combination of tt-RRF and tt-EF-G functioned as expected. Again, the combination of ec-RRF and tt-EF-G functioned even with tt-ribosomes. This is a similar situation to ec-ribosomes, where the same combination functioned (Fig. 4A,B) . We consider that, under these conditions, tt-RRF is moved on tt-ribosomes but remained at that tt-ribosomal site because ec-EF-G cannot release tt-RRF from the tt-ribosome.
Species-specific interaction of EF-G and RRF is not required for tRNA release from ec-model post-termination complexes by RRF and EF-G-tt-RRF remains on ec-ribosomes after it releases tRNA
With model post-termination complexes, we have shown that tRNA is released prior to the release of mRNA (Hirokawa et al. 2002b) . In Figure 5 , we examined if the release of tRNA requires species-specific interactions between EF-G and RRF. As shown in this figure, tt-RRF, together with ec-EF-G, functions perfectly well to release ec-ribosomebound tRNA. Despite the inability of this combination to function in the release of mRNA, tt-RRF functioned to release all ribosome-bound tRNA from ec-ribosomes with efficiency comparable to that of ec-RRF. We should point out that under these experimental conditions, tt-RRF remains on ec-ribosomes (see open squares in Fig. 4C ). As pointed out in Figure 4 , we consider that, under these conditions, tt-RRF is moved on ec-model post-termination complexes to release tRNA but remained at that site because ec-EF-G cannot release tt-RRF from the ec-ribosome.
tt-EF-G catalyzes GTP hydrolysis and translocation with ec-ribosomes like ec-EF-G but at a much slower rate
It has been shown that tt-EF-G does not complement (Ito et al. 2002) temperature-sensitive ec-EF-G (Hou et al. 1994a ). We confirmed this finding (data not shown). We showed that ec-RRF functions with tt-EF-G (Fig. 1) . Why then can't tt-EF-G complement a temperature-sensitive ec-EF-G mutant in vivo? To answer this question, we examined typical EF-G-dependent reactions, GTPase (Rohrback and Bodley 1976) and translocation, with ec-ribosomes. As shown in Figure 6A , GTPase activity is proportionally dependent on both tt-EF-G and ec-EF-G, but the efficiency of tt-EF-G with ec-ribosomes was ∼8%-9% of ec-EF-G. In the inset figure, we show again that tt-EF-G has a significant GTPase activity dependent on the amounts of ec-ribosomes. However, the difference between these two EF-Gs becomes more prominent when the ribosome concentrations are increased. We estimate that the rate of GTP hydrolysis by 3 µM tt-EF-G and 0.4 µM ec-ribosomes was at least 250-fold less than that by 0.4 µM ec-EFG and 0.4 µM ec-ribosomes.
Similarly, tt-EF-G has significant translocation activity with ec-ribosomes. In Figure 6B , translocation of oligophenylalanyl tRNA (Suzuka and Kaji 1967 ) from the A/Psite to the P/P-site was studied with ttas well as ec-EF-G on ec-ribosomes programmed with poly(U). When peptidyl tRNA is translocated from the A/Psite to the P/P-site, it becomes accessible to puromycin to form peptidyl puromycin (Yarmolinsky and de la Haba 1959) . Under the experimental conditions used in this figure, the translocation is proportional to the amount of ec-EF-G added (see the inset figure). Figure 6B shows that the initial rate with tt-EF-G is about one-third of that with ec-EF-G using the same amount of the enzyme. However, in the inset figure, we show that increasing amounts of ec-EF-G increased the reaction rate, while tt-EF-G did not do so.
DISCUSSION
We believe that the studies with tt-RRF described in this paper have physiological significance because tt-RRF func- 
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tions with ec-ribosomes in vivo (Ito et al. 2002) and in vitro (this paper) if tt-EF-G is provided. On this basis, the binding site after it is moved by ec-EF-G is assumed to be the same binding site of ec-RRF after it is moved by ec-RRF. We should emphasize, however, that a potential problem is the combination of heterologous factors/ribosomes, and that they originate from a mesophilic and a thermophilic bacterium. Exact identity of the binding sites of ec-RRF and tt-RRF should be compared with more biophysical approaches such as solving the crystal structure of the ribosome with tt-RRF and fluorescence resonance energy transfer (FRET) studies with ec-RRF. Such studies are in progress. With this reservation in mind, Figure 7 summarizes our hypothesis based on the findings in this paper and information accumulated from other studies. Complex I is the ec-post-termination complex with tt-RRF at the A/Psite, unesterified tRNA at the P/E-site, and EF-G at the pre-translocation site. The most significant finding from the present study is that tt-RRF remains on ec-ribosomes (Fig.  4C , open squares) after it releases tRNA with the help of ec-EF-G (Fig. 5 , open circles; complex II of Fig. 7) . The complex II remains as such without proceeding to complex III because ec-EF-G cannot release tt-RRF from the ribosome.
Under the conditions described in Figure 5 , we propose that tt-RRF is at the second site from which it will perform the final act, the release of mRNA if tt-EF-G is given. We suggest that this site is the same site where ec-RRF is moved to and released from the ribosomes during normal disassembly of the post-termination complexes. This hypothesis is supported by the fact that tt-RRF functions in E. coli that have defective ec-RRF (Fujiwara et al. 2001 ). Therefore, binding of tt-RRF to ec-ribosomes described here is identical to that of ec-RRF. The difference in the behavior is that tt-RRF requires tt-EF-G to release it from the ec-ribosome.
Our recent data show that this second ribosomal site for RRF overlaps with the E-site (V. Raj, H. Kaji, and A. Kaji, in prep.) . We determined this site to be the E-site by exactly the same procedure we used to determine the first RRFbinding site to be the A/P-site (Hirokawa et al. 2002a ). We used competition for this site with N-acetylphenylalanyl tRNA (specific to the P-site) and unesterified tRNA (binds to the P-and E-site). This conclusion is verified by more direct method of visualizing RRF on the ribosome by hydroxyl radical probing (Lancaster et al. 2002) and electron microscopy (Agrawal et al. 2004) , indicating that this method is valid. The presence of the second RRF-binding site was recently confirmed by the use of fluorescent-labeled RRF (Seo et al. 2004 ). In fact, in the presence of a large amount of ec-RRF, ec-RRF appears to bind to this site (Kiel et al. 2003) .
The corresponding intermediates with the homologous combination are shown as complexes IV, V, and VI, respectively. On the basis of the present finding (Fig. 4) , we propose that the critical step during the disassembly of posttermination complexes is the release of RRF concomitant with the release of mRNA by the action of EF-G and GTP (from complex V to VI). This step, when coupled with mRNA release as shown in this figure, is dependent on GTP (Hirashima and Kaji 1973; Hirokawa et al. 2002b ). Without mRNA, we have shown that RRF is released by EF-G with GMP-PCP (Kiel et al. 2003) or GTP (Fig. 4) . The scheme described above was derived from studies on disassembly of model post-termination complexes. We believe that the model post-termination complex we use represents a typical post-termination complex except for the absence of the termination codon at the A-site. In contrast to the scheme shown above, with a short mRNA having a strong ribosome-binding sequence, ribosomal subunits are separated by RRF and EF-G before release of mRNA or tRNA from the ribosomes. IF3 is not involved in the formation of subunits from 70S ribosomes (Karimi et al. 1999) . They showed that IF3 releases tRNA from the complex of the 30S subunit, tRNA, and mRNA in confirmation of the previous report (Gualerzi et al. 1971 ). In this model, mRNA is not released from ribosomes. The possible reason for the difference was attributed to the sequence of mRNA (Kaji et al. 2001) . Indeed, we have observed that the behavior of ribosomes at the termination codon is greatly influenced by the mRNA sequence surrounding the termination codon (Inokuchi et al. 2000) . In contrast to the report that tt-EF-G does not function with ec-RRF (Ito et al. 2002 (Ito et al. , see p. 1269 , discussion section), we find that tt-EF-G functions well with ec-RRF. Since we are dealing with the identical combinations, E. coli and T. thermophilus, we have no obvious explanation for this discrepancy. The genetic swapping between tt-and ec-factors by Ito et al. led them to conclude that domain I of RRF interacts with domain IV of EF-G. This is in variance with our recent results on the ribosomal binding sites of RRF and EF-G (Wilson and Noller 1998; Agrawal et al. 1999 Agrawal et al. , 2001 Agrawal et al. , 2004 Frank and Agrawal 2000) . Our current finding described in this paper explains the reason for the discrepancies. On the other hand, our finding that ec-RRF can work with EF-G from other species is consistent with the report that Mycobacterium tuberculosis EF-G (mt-EF-G) can complement an ec-EF-G temperature-sensitive mutant, indicating that mt-EF-G can function with ec-RRF for disassembly in vivo (Rao and Varshney 2001) . This is not due to RF3 doing the role of EF-G in the RRF reaction because RF3 does not function in place of EF-G for disassembly of model post-termination complexes (data not shown) despite the fact that RF3 substituted EF-G for disassembly of complexes with artificial short nucleotides (Grentzmann et al. 1998 ). Therefore, tt-EF-G must function with ec-RRF in vivo.
We showed that tt-EF-G functions with ec-ribosomes in vitro although the rate is less than that of ec-EF-G (Fig. 6A,B) . The inability of tt-EF-G to complement temperature-sensitive ec-EF-G is therefore not due to the inability of tt-EF-G to carry out translocation per se but because the translocation rate is so slow that it is impossible to support the growth of E. coli. This is consistent with the notion that in vitro release of tRNA from ec-ribosomes by tt-EF-G and ec-RRF is due to translocation-like activity of EF-G. These observations indicate that in vivo inactivity of foreign proteins or modified proteins may not necessarily indicate that the protein is incapable of doing its function. It could mean that it cannot support the growth of the host for a number of reasons unrelated to the original function of the protein. This is just another possible reason for the discrepancy between our biochemical (Lancaster et al. 2002; Kiel et al. 2003) , biophysical data (Agrawal et al. 2004) and conclusions derived from genetic in vivo tests of domain-swapped proteins (Ito et al. 2002; Fujiwara et al. 2004 ). C-labeled peptidyl tRNA in the presence of 0.2 µM of ec-or tt-EF-G at 32°C in buffer R (total volume was 30 µL). Under the experimental conditions, ec-EF-G translocated 0.13 µM peptidyl tRNA per 1 µM ribosomes in 5 min (specific activity of in the legend. The reaction mixture was incubated for 2 min at 32°C. An aliquot (20 µL) of the reaction mixture was mixed with 50 µL of a "stop solution" (0.02 M tungstate, 0.02 N H 2 SO 4 ), 10 µL of 2 mM potassium phosphate (pH 6.9), 20 µL of 5% ammonium molybdate in 4 N H 2 SO 4 . Finally, 100 µL of Butanol/Benzene (1:1) was added to this mixture and thoroughly mixed, and 50 µL of the top layer was counted in a scintillation counter (Nishizuka and Lipmann 1966) .
Assay of translocation of peptidyl tRNA on ec-ribosomes with ec-or tt-EF-G Pre-translocation complexes having peptidyl tRNA on the A/P-site were prepared as follows. A mixture of tRNA Phe , 14 C-Phe, ATP, and phenylalanyl tRNA synthetase in Buffer R was incubated at 32°C for 20 min. Under this condition, 7451 cpm/pmol of phetRNA was formed. The total reaction mixture of 80 µL was concentrated to 20 µL in Microcon-100 at 10,000g for 14 min. 14 Cphenylalanyl tRNA thus formed was incubated with 3 pmol of ribosomes, poly(U) at 32°C for 5 min. Peptidyl tRNA is formed and is bound at the A/P-site at this point (Suzuka and Kaji 1967) . Of the total peptidyl tRNA formed, ∼50% was diphenylalanyl tRNA and the rest was oligo-phenylalanyl tRNA. Then GTP, puromycin and either ec-EF-G or tt-EF-G was added and the translocation reaction was continued for another 5 min. The reaction was stopped by the addition of 60 µL of ethyl acetate to 20 µL of the final reaction mixture. After mixing, the radioactivity of 40 µL of the top layer was counted. The A/P-site-bound peptidyl tRNA becomes available for a puromycin reaction after translocation. The oligo-phenylalanyl puromycin formed was measured by ethyl acetate soluble radioactivity (Igarashi et al. 1969) . Without EF-G, no significant puromycin derivatives were observed.
